Abstract: Cadmium (Cd) and diazinon (DZN) are known to be environmental risk factors for various bone diseases including osteoporosis. Selenium (Se), an essential constituent of many antioxidant enzymes, has in higher concentrations negative effects on the bone. The present study was aimed to investigate possible changes in femoral bone of adult male rats after their acute and subchronic exposures to Cd, DZN and Se. A total of 30 male Wistar rats were randomized into three experimental groups. The rats in the group A (4-months-old) were injected intraperitoneally with a mixture of 2 mg CdCl2 kg −1 , 20 mg DZN kg −1 and 2 mg Na2SeO3 kg −1 body weight and killed 36 h after xenobiotics had been injected. In the group B, young males (1-month-old) were administered with a combination of 30 mg CdCl2 L −1 , 40 mg DZN L −1 and 5 mg Na2SeO3 L −1 in their drinking water, for 90 days. Ten 4-months-old males without toxicant supplementation served as a control group (C). After treatment period, detailed histological analysis of femoral bone was performed in each group. Our results revealed apparent osteoporotic symptoms (resorption lacunae, osteoporotic fractures) in rats from groups A and B. Moreover, histomorphometrical evaluation showed reduced bone vascularization (constricted primary osteons' vascular canals and Haversian canals) and weakness mechanical properties of bones (smaller size of the secondary osteons) in these rats in comparison with those of the control group. Our study demonstrates for the first time that acute and subchronic co-administrations to Cd, DZN and Se induce evident manifestation characteristics of osteoporosis in male rats.
Introduction
Living organisms have always been exposed to various environmental chemicals that are foreign to them (Kennedy & Tierney 2013) . Some potential environmental hazards involve significant exposure to only a single compound; however, most instances of the environmental contamination include concurrent or sequential exposures to a mixture of compounds (U.S. EPA 2000). According to Krishnan & Brodeur (1994) , the combined exposures to multiple chemicals may result in interactions leading to a significant increase or decrease in the overall toxicity of the mixture compared to the summation of the toxicity of the components.
Cadmium (Cd), a heavy metal which is mainly used in industry, affects human health through occupational and environmental exposure (Bodo et al. 2010) . Depending on the dose, route and duration of exposure, it can damage various organs (Prozialeck et al. 2006) , including bones (Regunathan et al. 2003; Bertin & Averbeck 2006; Brzóska et al. 2007) . As a result of Cd intoxication, changes in bone, such as osteopenia, osteoporosis and osteomalacia, with increased bone fragility and pathological fractures have been noted in humans and experimental animals (Wang et al. 2003; Brzóska et al. , 2010 Bhattacharyya 2009 ). The results obtained by have shown that chronic, even low-level exposure to Cd disturbs bone metabolism during skeletal development and maturity by affecting bone turnover. Additionally, significant changes in bone microstructure (especially in bone histomorphometry) were identified in rats after a single intraperitoneal injection of Cd (Martiniaková et al. 2011) .
Diazinon (DZN; o, phosphorothioate) is an organophosphate (OP) insecticide with a broad range of activities. It has been used in agriculture and domestic pest control for several years (Kalender et al. 2005) . Like other OPs, the main toxic action of DZN is achieved by inhibiting of acetylcholinesterase (AChE) activity (Čolovic et al. 2010) . It can affect both humans and animals even after a single exposure (Sarabia et al. 2009 ). According to Garg et al. (2004) , a potential target of pesticide toxicity is also the skeletal system. Exposure to OP pesticides may elicit changes in mechanical prop-H. Ďúranová et al.
erties and composition of bone (Karen et al. 2001) . The results by Lari et al. (2012) indicate that DZN toxicity is associated with decrease in trabecular and cortical bone density and might be one of the causes for worldwide increasing prevalence of osteoporosis. Significant reduction in bone mass and density in individuals following chronic low-level intoxication with OP pesticides was also reported in the study by Compston et al. (1999) . Higher amounts of DZN caused additional defects in quail and chicken including folding of the spinal chord, shortening of the neck (Wyttenbach & Hwang 1984) , fusing and twisting of vertebrae, abnormal development of ribs and breastbone (Meneely & Wyttenbach 1989) , curled claws, reduced growth of leg and wing bones (Cho & Lee 1990) , and reduced bone calcification (Cho & Lee 1991) .
Selenium (Se) has received considerable attention as an essential micronutrient for both humans and animals (Ali et al. 2011) . Through selenoproteins, it participates in various biological processes, such as antioxidant defense, thyroid hormone production, and immune responses (Zwolak & Zaporowska 2012) . In addition, Se also plays an important role in bone metabolism (Moreno-Reyes et al. 2001; Petrovich et al. 2004; Hirayama et al. 2011; Zofková et al. 2013 ). According to Kurz et al. (2002) , this mineral may protect bone and cartilage cells against oxidative damage. Selenium deficiency has been associated with growth retardation (Moreno-Reyes et al. 2001 , 2006 , impaired bone metabolism, reduced bone mineral density (i.e., osteopenia; Moreno-Reyes et al. 2006; Preedy et al. 2009 ) and Kashin-Beck disease (osteoarthropathy) which is characterized by atrophy, degeneration and necrosis of cartilage tissue (Moreno-Reyes et al. 1998 ). However, not only Se deficiency but also its higher amounts have an adverse impact on bone. Excess intake of Se causes abnormal bone development (Greenberg 2003) , induces apoptosis in mature osteoclasts (Chung et al. 2006) , osteoblasts (Chae et al. 2000) , and osteoblast-like cells (Milgram et al. 2008) . Yamaguchi & Uchiyama (1987) found that high doses of Se produce significantly decreases in alkaline phosphatase activity and DNA content in femoral diaphysis of weanling rats leading to disturbances in bone metabolism.
To our knowledge, osteotoxic effects of Cd, DZN and Se in sole doses were already evaluated; however, data on the toxicity of complex mixtures on the bone are scarce (Pelletier et al. 2009) . Therefore, the current study was designed to investigate the effects of acute and subchronic co-administrations to Cd, DZN and Se on femoral bone structure in adult male rats.
Material and methods
Our experiments were carried out on thirty 4-months-old male rats of Wistar strain. Male rats were used as they are less susceptible to skeletal damage than females (Riggs et al. 2004; Brzóska et al. 2010) . The animals were housed individually in plastic cages under the same laboratory conditions of temperature (20-24
• C) and relative humidity (55±10%) with access to food (feed mixture M3, Bonagro, Czech Republic) and drinking water ad libitum. All experiments were provided in accordance with accepted standards of animal care in accredited laboratory (SK PC 50004) of the Slovak University of Agriculture in Nitra.
The rats were randomized into three experimental groups of 10 individuals, two Cd-DZN-Se-exposed groups (A, B) and the control group (C) without xenobiotic intoxication. In the first group A (acute effect), ten 4-monthsold male rats were injected intraperitoneally with a mixture of 2 mg CdCl2 kg −1 (Reachem, Slovak Republic), 20 mg DZN kg −1 (Sigma-Aldrich, Germany), and 2 mg Na2SeO3 kg −1 (Reachem, Slovak Republic) body weight, and killed 36 h after toxicants had been injected. Ten 1-month-old males of the group B (subchronic effect) received daily a drinking water containing a combination of Cd (30 mg CdCl2 L −1 ), DZN (40 mg L −1 ), and Se (5 mg Na2SeO3 L −1 ) for a total of 90 days, and then were killed. The water consumption was daily monitored during the whole experiment. The xenobiotics used in our experiment were chosen on the basis of their possible occurrence in the human and animal food ). Indeed, correlation coefficients found between Cd and DZN in men (0.70) and women (0.69) indicate high probability of exposure to both compounds (Toman et al. 2012) . The doses of Cd, DZN and Se (chosen on the basis of studied literature and our previous experiments with tested dose-response effects) were high enough to reach a toxicity level but also safe enough to prevent animal mortality. Ten 4-months-old males without toxicant supplementation served as a control group (C). All procedures were approved by the Animal Experimental Committee of the Slovak Republic.
At the end of the treatment periods, all the rats were anaesthetized with ether and their femurs were used for histological analyses. Each right femur was sectioned at the midshaft of the diaphysis and the segments were fixed in HistoChoice fixative (Amresco, USA). The segments were then dehydrated in increasing grades (40 to 100%) of ethanol and embedded in Biodur epoxy resin (Günter von Hagens, Heidelberg, Germany) according to the method described by Martiniaková et al. (2007) . Transverse thin sections (70-80 µm) were prepared with a sawing microtome (Leitz 1600, Leica, Wetzlar, Germany) and fixed onto glass slides by Eukitt (Merck, Darmstadt, Germany) as previously described (Martiniaková et al. 2008) . The qualitative histological characteristics of the compact bone tissue were determined according to the internationally accepted classification systems of Enlow & Brown (1956) and Ricqlés et al. (1991) .
The quantitative (histomorphometrical) variables were assessed using the software Motic Images Plus 2.0 ML (Motic China Group Co., Ltd.) in the anterior, posterior, medial and lateral views of thin section(s). We measured area, perimeter and the minimum and maximum diameters of the primary osteons' vascular canals, Haversian canals and secondary osteons in all views of the thin section(s) in order to minimize inter-animal differences. Secondary osteons were distinguished from primary osteons (i.e., primary vascular canals) on the basis of a well-defined peripheral boundary (cement line) between the osteon and the surrounding tissue.
Statistical analysis was performed using SPSS 8.0 software. All data were expressed as mean ± standard deviation (SD). The unpaired Student's t-test was used for establishing statistical significance between exposed and non-exposed groups of rats. The significance level was accepted at P < 0.05. 
Results
Diaphysis of rat femoral bones from the control group was formed by non-vascular bone tissue, primary vascular radial bone tissue and by isolated primary and secondary osteons located mainly in the central area of bone. Secondary osteons formed irregular Haversian bone tissue.
The rats from both experimental groups (A, B) displayed the same considerable differences in bone microstructure as compared to those of the control group. We identified a few resorption lacunae near endosteal surfaces (mainly in postero-medial views; Fig. 1 ) in these animals. Also, the occurrence of osteoporotic fractures (Fig. 2) was observed in rats from the groups A and B. The incidence of the osteoporotic structures (resorption lacunae and osteoporotic fractures) signalizes that simultaneous intraperitoneal (i.p.) and/or peroral (p.o.) administrations to Cd, DZN and Se cause an advanced stage of osteoporosis in adult rats.
Data on bone measurements are shown in Tables 1, 2 and 3. We have found that all variables (area, perimeter, maximal and minimal diameter) of primary osteons' vascular canals, Haversian canals and secondary osteons were significantly decreased (P < 0.05) in rats from groups A and B. This fact indicates that i.p. and p.o. applications of Cd in combination with DZN and Se result in reduced bone vascularization and weakness bone mechanical properties in adult male rats.
Discussion
The results of qualitative histological analysis of bones from the control rats corresponded with previous works in rats (Enlow & Brown 1958; Martiniaková et al. 2005 Martiniaková et al. , 2009 Reim et al. 2008) . For the bone microstructure, a presence of non-vascular, primary vascular radial and/or irregular Haversian bone tissues is typical. In our study, a few resorption lacunae near endosteal surfaces and osteoporotic fractures were identified in both experimental groups of rats (A, B). On the other hand, Martiniaková et al. (2013) have only reported an occurrence of the resorption lacunae in rats perorally exposed to Cd, and in those simultaneously intoxicated with DZN and Se. Additionally, subchronic p.o. administration of Se did not induce formation of any osteoporotic structures in rats. Considering the study by Martiniaková et al. (2013) , our results signalize a synergic impact of p.o. simultaneous application of Cd, DZN and Se on bone microstructure in male rats.
Generally, biomechanical integrity of bone is one of the most important factors related to bone strength and tendency to fracture (Comelekoglu et al. 2007 ). Presence of the osteoporotic structures in these rats can be explained by the direct and indirect mechanisms of Cd, DZN and Se toxic actions on bone tissue. According to Brzóska (2012), bone fracture is the most serious consequence of the damaging action of Cd on the skeleton. This heavy metal stimulates the differentiation and activity of osteoclasts and inhibits differentiation and activity of osteoblasts (Coonse et al. 2007; Chen et al. 2009 ). These effects cause an uncoupling of the normal balance between bone formation and bone resorption resulting in decreased bone mass and increased fracture incidence (Bhattacharyya 2009 ), typical manifestation characteristics of osteoporosis. Moreover, exposure to low levels of Cd has also been associated with increased urinary calcium (Ca) excretion and subsequent skeletal demineralization, i.e. effects that may accelerate bone loss and increase bone fragility (Wittman & Hu 2002; Jin et al. 2004) . The results by Galicka et al. (2004) also demonstrate the direct toxic impact of Cd on bone collagen content in rats. Moreover, the decreased biomechanical strength of the femur was also reported in the Se-exposed rabbits (Turan et al. 1997) . Changes in mechanical properties and composition of bone can be also induced by various OP pesticides as a result of metabolic process disruption of bone tissue (Ware 2001) . Decrease in trabecular and cortical bone density in rats after DZN intoxication was documented in the study by Lari et al. (2012) . Indirect mechanisms could be mediated through Cd-induced renal tubular dysfunction, increased production of glucocorticoids, AChE inhibition and/or increased generation of reactive oxygen species (ROS). In general, Cd accumulation in kidney affects renal vitamin D metabolism with consequent disturbances in Ca balance which may lead to osteomalacia, osteoporosis and spontaneous fractures (EA 2009). Glucocorticoids stimulate proliferation and activity of osteoclasts leading to increased bone resorption (Yao et al. 2008; Dore 2010) . Excessive osteoclast activation and prolonged osteoblast suppression consequently result in rapid bone loss (Sheweita & Khoshhal 2007; Dore 2010 ) with increased risk of bone fractures (Canalis et al. 2007 ). Additionally to this, glucocorticoids also directly stimulate secretion of parathyroid hormone (PTH; Mravec 2011) causing increased bone resorption and Ca loss (Bejar et al. 2005) . They also reduce Ca absorption in the small intestine, and decrease collagen synthesis (Mravec 2011) . Formation of resorption lacunae and osteoporotic fracture in acute Cd-DZN-Se-exposed rats could also be associated with xenobiotic-induced rapid bone loss. According to Klein (2006) , loss of bone tissue can occur as a result of adaptive response to acute stress. Besides glucocorticoids, alterations in bone microstructure in Cd-DZN-Se-treated rats might also be induced by ROS. According to many authors (Burr 2002; Kinov et al. 2006; Henrotin et al. 2009; Brzóska et al. 2011) , ROS can cause an oxidative damage of bone collagen leading to structural and biochemical changes inside collagen molecule. In general, the appropriate structure of collagen fibers determines the formation and mineralization of bone tissue, as well as bone biomechanical properties (elasticity, strength). Therefore, oxidative damage of the fibers makes the changes in the biomechanical properties of bone (Burr 2002) . Galicka et al. (2004) stated that any disturbances in collagen metabolism may result in the formation of low quality bone tissue susceptible to deformation and fractures. Moreover, DZN is a potential inhibitor of AChE activity. This enzyme is important in the cell-matrix adhesive interactions and in the coupling of bone resorption to bone formation (Compston et al. 1999 ). Therefore, higher bone resorption manifested by the presence of resorption lacunae in our study could also be attributed to DZN-induced inhibition of AChE.
Histomorphometrical evaluation of basic structural units of compact bone tissue revealed significant effects of both i.p. and p.o. simultaneous administrations of Cd, DZN and Se on the size of the primary osteons' vascular canals, Haversian canals and secondary osteons in rats. All variables (area, perimeter, maximum and minimum diameter) of these structures were significantly decreased in both experimental groups (A, B) as compared to the control one. The changes in the size of vascular (also Haversian) canals identified in xenobiotictreated rats could be associated with alterations in bone vascularization. Regarding the blood supply of compact bone, each Haversian canal contains blood vessels and nerves supported by loose connective tissue (Watkins 2010) . Blood vessels are also present in vascular canals of primary osteons (Greenlee & Dunnell 2010) . The lumenal surface of blood vessels is lined by endothelial cells that play a key role in a wide variety of physiological and pathological processes (Prozialeck et al. 2006) . In clinical studies, the most frequently used agent of endothelial function is acetylcholine (ACh; Caramori & Zago 2000) . Accumulation of this neurotransmiter leads to activation of cholinergic, muscarinic and nicotinic receptors in vascular endothelium (Bagchi et al. 1995) . It is well-known that ACh-activated muscarinic receptors on vascular endothelium produce various vasodilatators (e.g., NO, prostacyklin -PGI 2 , endotheliumderived hyperpolarizing factor -EDHFs) which induce endothelium-dependent vasorelaxation (Yoopan et al. 2008) . On the other hand, ACh also causes vasoconstriction by its direct effect on muscarinic receptors of the vascular smooth muscle cells. In the presence of endothelial dysfunction, imbalance between the dilator (endothelium-mediated) and constrictor (smooth muscle cell-mediated) actions of ACh is occurred with predominance to vasoconstriction (Caramori & Zago 2000) . Yoopan et al. (2008) found dysfunction of muscarinic receptors in rat's aortas after Cd exposure (due to its interaction with sulfhydryl groups of the receptors) leading to excessive vasoconstriction. Moreover, almost completely disappearance of ACh-induced vasorelaxation of the aorta was found in rabbits intoxicated with Se (Turan et al. 1998) . On the basis of all aspects we propose that DZN-induced inhibition of AChE led to increased levels of ACh in vascular endothelium and to activation of muscarinic receptors in vascular (Haversian) canals in Cd-DZN-Se-exposed rats (groups A and B). Finally, Cd-and/or Se-induced dysfunction of the receptors with subsequent blood vessel constriction could contribute to significant reduction of vascular (Haversian) canals. Furthermore, adverse impact of coadministration to Cd, DZN and Se on the size of basic structural elements of compact bone tissue in rats could also be mediated through DZN-induced inhibition of AChE in the bone. According to Genever et al. (1999) , this enzyme is present in bone matrix along cement lines (surrounding the Haversian canals and secondary osteons), and to a lesser extent, in osteoid. Pesticideinduced inhibition of AChE causes an accumulation of ACh in the extracellular space (Hoogduijn et al. 2006) . Therefore, we suppose that increase in ACh levels along cement lines and in bone matrix could consequently result in a significant reduction of primary osteons' vascular canals, Haversian canals and secondary osteons in rats simultaneously exposed to Cd, DZN and Se.
In both experimental groups (A, B), all variables of the secondary osteons had significantly lower values as compared to the control group. It is known that heavy metals (including Cd) are adsorbed and stored within bones (Wiechula et al. 2008) . In bones, Cd may be incorporated into hydroxyapatite (HA) crystals instead of Ca (Blumenthal et al. 1995; Robey & Boskey 2003; , making them very resistant to subsequent dissolution (Christoffersen et al. 1988) . Moreover, the results by Blumenthal et al. (1995) showed that Cd incorporation in the HA introduced little strain in the lattice but resulted in a decreasing C-axis spacing and a corresponding crystal size decrease in the C-axis direction. The results of Boyar (2004) showed that an excess of Se increased the amount of carbonate content in bones of rats. In general, HA crystals are formed in bone tissue in the presence of CO 2 . Therefore, carbonate ions are also able to incorporate into the crystal structure of HA (Riihonen 2010) resulting in changes in the physical and chemical properties of the crystals (Liu et al. 2011 ). According to Riihonen (2010) , carbonate incorporation leads also (similarly as Cd absorption) to reduction of the HA size. The HA crystals, as a major mineral component of bones, are aligned with their long axis parallel to the collagen fiber axis (Boskey 2005 ) creating concentric lamellae of the secondary osteons. On the basis of all these aspects we speculate that a decrease in HA crystals could partially contribute to the decreased size of the secondary osteons in rats from the experimental groups A and B. According to Brzóska & MoniuszkoJakoniuk (2005) , the metal incorporated into HA crystals affects consequently bone properties. In respect to altered bone mineral crystal size, bones consisting only small crystals have weakened the mechanical properties of the bone composite (Boskey 2003) . According to many authors (Feldman 1975; Hamilton & Smith 1977) , Cd in HA crystals can promote bone resorption and cause osteomalacia or osteoporosis as it was found in our study. Also, it is widely accepted that OP pesticides produce abnormalities in connective tissue (Snawder & Chambers 1993 ) through inhibition of the enzyme lysyl oxidase resulting in incomplete posttranslational modification of collagen. Besides HA, secondary osteons also contain collagen fibers. Thus, destruction of the collagen could also have an impact on their size.
In conclusion, our study has revealed for the first time that both acute and subchronic co-administrations to Cd, DZN and Se induce advanced stage of osteoporosis in adult male rats manifested by resorption lacunae and osteoporotic fractures. The significant influences of i.p. and p.o. exposures to Cd, DZN and Se on the size of basic structural units of compact bone tissue have also been demonstrated. Considerable constriction of the primary osteons' vascular canals and Haversian canals indicates an impaired bone vascularization, and significantly reduced size of the secondary osteons signalizes weakness mechanical properties of the bones. Our results can support the better understanding of os-teoporosis mechanisms induced by environmental pollutants.
